fluoro-hydrogenate (EMPyr(FH)1.7F) ionic liquid and poly(vinylidene fluoride hexafluoropropylene) (PVdF-HFP) copolymer were successfully prepared in weight ratios of 5:5, 6:4, and 7:3 using a casting method. The prepared membranes possessed rough surfaces, which potentially enlarged the three-phase boundary area. The EMPyr(FH)1.7F/PVdF-HFP (7:3 weight ratio) composite membrane had an ionic conductivity of 41 mS·cm 1 at 120 °C. For a single cell using this membrane, a maximum power density of 103 mW·cm 2 was observed at 50 °C under non-humidified conditions; this is the highest power output that has ever been reported for fluorohydrogenate fuel cells. However, the cell performance decreased at 80 °C, which was explained by penetration of the softened composite membrane into gas diffusion electrodes to partially plug gas channels in the gas diffusion layers; this was verified by in situ a.c. impedance analysis and cross-sectional SEM images of the membrane electrode assembly.
Introduction
Conventional polymer electrolyte fuel cells (PEFCs) membrane materials such as Nafion  require sufficient humidity for proton conduction; this necessitates a complicated humidification system and limits the operation temperature range to between the freezing and boiling points of water [1] [2] [3] [4] . However, operation of PEFCs above 100 °C without humidification would enable the possible reduction of the need for expensive noble metal catalysts and simplification of the fuel cell unit. Thus, it is necessary to develop new electrolyte membranes.
In recent decades, ionic liquids (ILs), salts that are liquid at below 100 °C, have received more and more attention as potential electrolytes for applications in electrochemical devices because of their high chemical and thermal stability, nonflammability, nonvolatile nature, and wide electrochemical window [5] [6] [7] . Among the various types of ILs, our group has particularly focused on fluorohydrogenate ILs (FHILs), which consist of organic cations and fluorohydrogenate anions, (FH)nF  , where n represents the average number of HF ligands attached to the fluoride anion. This n number decreases when the evacuation temperature increases, which means more HF is removed from FHILs to be stabilized at higher temperature. The general chemical structure of fluorohydrogenate anions is presented in Figure 1a . We have continually developed and studied a variety of FHILs [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] ; for example, 1-ethyl-3-methylimidazolium fluorohydrogenate (EMIm(FH)2.3F), which was the first reported FHIL, exhibits high conductivity (100 mS·cm 1 at 25 °C) and has a low melting point (−65 °C) and low glass transition temperature (−125 °C) [8, 12] , making it a promising electrolyte for electrochemical devices. For fuel cell applications, we have already proposed operation mechanisms for nonhumidified fuel cells using FHILs as electrolytes; these cells are referred to as fluorohydrogenate fuel cells (FHFCs) [19] . This type of fuel cell can be operated at elevated temperatures under nonhumidified conditions owing to their unique mechanism, which involves the transfer of hydrogen and charges by fluorohydrogenate anions. Hence, water is unnecessary for the hydrogen transportation mechanism. Composite membranes consisting of EMIm(FH)nF (n = 1.3 and 2.3) and poly(vinylidene fluoridehexafluoropropylene) (PVdF-HFP) copolymer have also been successfully prepared [20] . A single cell using one of these membranes gave a maximum power density of 20 mW·cm −2 at 120 °C under nonhumidified conditions [20] .
Our subsequent studies revealed that N-ethyl-N-methylpyrrolidinium fluorohydrogenate (EMPyr(FH)1.7F) is a more promising electrolyte for non-humidified fuel cells: It exhibits higher activity towards the oxygen reduction reaction at Pt electrodes and a lower H2O2 yield than other FHILs [21, 22] . A single cell using a composite membrane consisting of EMPyr(FH)1.7F and 2-hydroxyethylmethacrylate (HEMA) in a weight ratio of 9.2:0.8 showed a decent maximum power density of 32 mW cm −2 at 50 °C [23] . Considering the above reports, a composite membrane consisting of EMPyr(FH)1.7F and PVdF-HFP is expected to give an even higher power density.
In this study, with the aim of improved cell performance, composite membranes composed of EMPyr(FH)1.7F and PVdF-HFP are investigated. Unlike HEMA, PVdF-HFP, whose structure is shown in Figure 1 , has been widely used and investigated as a potential polymer material for IL-based polymer membranes due to its good thermal and chemical stabilities [24] [25] [26] [27] [28] [29] [30] . The IL/PVdF-HFP composite membranes that have been prepared using a casting method are summarized in Table 1 . [30] . They were reportedly thermally stable up to 140 °C. At 140 °C, single cell tests under nonhumidified conditions revealed that these composite membranes showed maximum power densities of 0.6 and 0.1 mW·cm
, respectively [30] . Although they still have low power densities, which are mainly due to their low ionic conductivities, the performance should improve upon the combination of PVdF-HFP with a highly conductive IL such as EMPyr(FH)1.7F. Figure 2 shows TG curves for the EMPyr(FH)1.7F/PVdF-HFP (7:3 and 6:4) composite membranes. For comparison, the TG curves of neat EMPyr(FH)1.7F and neat PVdF-HFP are also provided. All the FHIL/PVdF-HFP membranes showed similar initial weight losses at 140 °C, which is at a lower temperature than that of neat FHIL. This early weight loss is considered to be due to decomposition of some parts of PVdF-HFP, which has a melting point of about 140 °C. A second weight loss was observed at 170 °C, which corresponds to decomposition of EMPyr(FH)1.7F, as has been previously observed in EMPyr(FH)1.7F/HEMA membranes [23] . Between 250 and 600 °C, additional weight was slowly lost because of the slow decomposition of the major fraction of PVdF-HFP. However, some residues remained even at 800 °C. Since the thermal stability is determined by the initial decomposition temperature, all composite membranes were expected to be thermally stable up to 140 °C regardless of the FHIL content. This value is considered to be sufficient for fuel cell operation at 120 °C. Figure 3 shows Arrhenius plots of the ionic conductivities of the EMPyr(FH) Figure 4a ,b show SEM images of EMPyr(FH)1.7F/PVdF-HFP (7:3) and EMPyr(FH)1.7F/HEMA (9.2:0.8) composite membranes, respectively. While the FHIL/HEMA membrane had a rather smooth and consistent surface, the FHIL/PVdF-HFP membrane had a rough surface; this roughness is evident at both macroscopic and microscopic scales. This difference in morphology is explained by the difference in preparation method; while the FHIL/HEMA membrane was prepared by polymerizing a mixture of FHIL and HEMA monomer [23] , the FHIL/PVdF-HFP membrane was prepared by casting method. In the casting method, a mixed solution of FHIL/PVdF-HFP/acetone was dried at 80 °C under an argon atmosphere. It is likely that the observed rough surface was formed during the evaporation process of acetone. These results indicate that the EMPyr(FH)1.7F/PVdF-HFP (7:3) composite membrane possessed a large membrane surface area, especially when compared with that of HEMA-based membranes. The increased membrane surface area is expected to enhance the effective three-phase boundary area and improve cell performance. In addition, the effect of FHIL content on the surface morphology of the composite membrane was also studied. Figure 5a -c show SEM images of EMPyr(FH)1.7F/PVdF-HFP membranes with FHIL/PVdF-HFP weight ratios 7:3, 6:4, and 5:5, respectively. The roughness of the membrane surface increased with increasing FHIL content in the membrane. This result is also explained by the drying process of mixed solution of FHIL/PVdF-HFP/acetone. That is, when the content of PVdF-HFP is larger, the final product is more likely to be agglomerated. Hence, the largest surface area is expected to be obtained for the membrane with a weight ratio of 7:3. Figure 6 shows current density-voltage (i-V) and current density-power density (i-P) characteristic curves for a single cell containing the EMPyr(FH)1.7F/PVdF-HFP (7:3) composite membrane. At 25 °C, a maximum power density of 63 mW·cm 2 was observed; this is the highest value ever reported for FHFCs at 25 °C. The cell performance continued to increase with increasing temperature owing to the increased electrochemical reaction rate until 50 °C, at which the maximum power density of 103 mW·cm 2 was observed. This value is very high and exceeds the 32 mW·cm 2 of a single cell using an EMPyr(FH)1.7F/HEMA (9.2:0.8) composite membrane at the same temperature [23] .
Results and Discussion
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However, the cell performance deteriorated above 80 °C. This deterioration trend is similar to that of cells containing FHIL/HEMA membranes [23] . The problem is explained as follows: At higher temperatures, the composite electrolyte softens and penetrates into the gas diffusion electrodes, which partially plugs the gas channels in the gas diffusion layer. While the theoretical open circuit voltage (OCV) values are around 1.23 V at room temperature, the i-V curves show low OCV values of about 0.8 V, which is commonly observed in ionic liquid-based polymer electrolyte membranes for fuel cells. It was revealed recently that protic organic ionic plastic crystals (POIPCs), which are also organic salts, could exhibit high OCVs during device evaluation, approaching the theoretical values at 150 °C [31] . 
In Situ a.c. Impedance
To elucidate the cause of performance deterioration, in situ a.c. impedance analysis was carried out along with the single cell tests. Figure 7a shows a Nyquist plot of a single cell with an EMPyr(FH)1.7F/PVdF-HFP (7:3) composite membrane at 0.6 V. The first x-intercept corresponds to the bulk (or Ohmic) resistance while the next two semicircles represent the resistances from charge transfer and mass transfer, respectively. To approximate each resistance, the resultant Nyquist plot was fitted to an equivalent circuit. Figure 7b exhibits the temperature dependences of the bulk resistance (Rb), charge transfer resistance (RCT), mass transfer resistance (RMT), and total resistance (Rtot). Rb decreased with temperature because of the increased ionic conductivity. The change in Rb was, however, negligible because its value was very small relative to the total resistance. On the other hand, RMT significantly increased when the temperature was elevated from 50 to 80 °C. This result reflects the poor mobility of the reactant gases to the three-phase boundary above 50 °C, which is consistent with the speculation that the gas channels were obstructed by the softened composite electrolyte, as mentioned in Section 2.4. Similarly, RCT also significantly increased with increasing temperature from 50 to 80 °C. The reason is as follows: at elevated temperatures, the softened composite electrolyte penetrates into both the catalyst layer and gas diffusion layer. Since the majority of the catalyst layer is fully filled with electrolyte, the effective three-phase boundary area decreases. Thus, the catalyst was ineffectively utilized, resulting in increased RCT. 
Cross-Sectional SEM Image
To verify whether the composite electrolyte softened, cross-sectional SEM observations of the MEAs before and after the cell test were performed, as shown in Figure 8 . The dashed lines indicate the interface between the membrane and catalyst layer. Before the cell test, the membrane (Mem.), catalyst (CL), and gas diffusion (GDL) layers were in good contact with each other. However, after the cell test, the membrane thickness decreased, indicating softening of the membrane. The softened electrolyte then escaped from the original location and penetrated into both the CL and GDL, thereby decreasing the three-phase boundary area of the CL and plugging the gas channels in the GDL. This result well explains the increase in the RCT and RMT values at 80 °C in the a.c. impedance analysis. Concerning the shortcoming of PVdF-HFP copolymer as the host matrix for ionic liquids for the application in high temperature (100200 °C), poly(ionic liquid) is considered as one type of promising membrane matrix for ionic liquids [32] . Another possible method to improve the mechanical strength of membranes at high temperature is the use of membrane support which has high heat-resisting properties like polyimide [33] .
Experimental Section
Preparation of EMPyr(FH)1.7F/PVdF-HFP Composite Membranes
EMPyr(FH)2.3F was prepared using a previously reported method [10, 12] . EMPyr(FH)1.7F, which has a negligible vapor up to 120 °C, was obtained by further evacuating EMPyr(FH)2.3F using a rotary pump through a chemical trap for four days and then directly through a cold trap for two days at 120 °C under reduced pressure (<1 Pa). The n value of 1.7 was confirmed by elemental analysis of hydrogen, carbon, nitrogen, and fluorine using a CHN coder and a fluoride-ion selective electrode.
Scheme 1 shows the procedure for preparation of the composite membranes. Firstly, PVdF-HFP (Mn = 110000, Aldrich, St. Louis, MO, USA) was dissolved in acetone (99.9%, Wako, Osaka, Japan) to prepare a 5 wt% PVdF-HFP solution. EMPyr(FH)1.7F was added to the polymer solution at FHIL/polymer weight ratios of 7:3, 6:4, and 5:5. This method differs from the previously reported method for the preparation of FHIL/HEMA membranes in that no membrane support was used. The mixed solution was stirred for >1 h using a magnetic stirrer until a homogeneous solution was obtained. Then, it was cast onto perfluoroalkoxy (PFA) Petri dishes and dried at 80 °C for 12 h under an argon atmosphere. Finally, the composite membranes were peeled from the Petri dishes. 
Characterization of EMPyr(FH)1.7F/PVdF-HFP Composite Membranes
The thermal stabilities of the prepared membranes were determined via thermogravimetric (TG) analysis using a differential thermogravimetric analyzer (Thermo plus EVO2, Rigaku, Tokyo, Japan). The analysis was conducted in the temperature range of 25-800 °C at a scanning rate of 5 °C·min
1
under an argon atmosphere. Platinum pans were used because of their excellent chemical resistance to FHILs. The ionic conductivities of the composite membranes were measured in the longitudinal direction using a four-point probe method. Measurements were carried out from −40 to 120 °C under a nitrogen atmosphere using an a.c. impedance method with a Solartron 1286 electrochemical interface combined with a Solartron 1260 frequency response analyzer (AMETEK, Farnborough, UK). Field emission scanning electron microscopy (FE-SEM; SU-8020, Hitachi, Tokyo, Japan) was utilized to observe the membrane surface morphologies. Prior to the observation, the membrane samples were coated with platinum using ion-sputtering equipment (MC-100, Hitachi).
Membrane Electrode Assembly (MEA) Fabrication and Single Cell Test
The MEA was prepared by placing the composite membrane directly between two gas diffusion electrodes (GDEs, 1.0 mg Pt·cm
2
, ionomer free, KM Lab, Yamato, Japan) with geometric surface areas of 1 cm 2 . In the present study, the use of ionomeric binder in the CL was not tired because the appropriate method had not been developed. After incorporating the MEA into a single cell with fuel cell hardware (EFC-01-02, 1 cm 2 , ElectroChem, Woburn, MA, USA), single cell tests were conducted using a Solartron 1286 electrochemical interface in a temperature-controlled chamber at 25-120 °C under nonhumidified conditions. Anhydrous H2 (99.999%) was supplied by a hydrogen generator (HORIBA STEC, Kyoto, Japan), and O2 was supplied from a cylinder (99.9999%, Kyoto Teisan, Kyoto, Japan); their flow rates were set at 10 mL·min 1 .
In Situ a.c. Impedance Analysis
Along with the fuel cell operation, in situ a.c. impedance analysis was also performed. A Solartron 1260 frequency response analyzer (AMETEK, Farnborough, UK) combined with a Solartron 1286 electrochemical interface (AMETEK) was used to provide a.c. signal and analyze the responding impedance. An a.c. potential of 10 mV was applied to the single cell as an excitation signal under a constant cell voltage of 0.6 V. The frequency range was from 20 kHz to 20 mHz. The approximate values of bulk resistance, charge transfer resistance, and mass transfer resistance were determined by fitting the resultant Nyquist plots with a suitable equivalent circuit.
Cross-sectional SEM Observation
MEA samples from before and after the cell test were cut using a knife and embedded into a resin block using a resin mounting kit (20-3570, VariDur  , Buehler, Lake Bluff, IL, USA). The prepared sample block was then consecutively polished with No. 300, 600, 1200, 2000, and 3000 emery papers on a rotating stage (100 rpm) to expose the cross-sectional area. The exposed surface was coated with gold using ion-sputtering equipment (E-1010, Hitachi) and then observed via SEM (VE-8800, Keyence, Osaka, Japan).
Conclusions
Composite membranes consisting of EMPyr(FH)1.7F IL and PVdF-HFP copolymer were successfully prepared by a casting method using acetone as the solvent. The prepared membranes had rough surfaces, which could enlarge the three-phase boundaries. For the EMPyr(FH)1.7F/PVdF-HFP (7:3 weight ratio) composite membrane, the ionic conductivity was 41 mS·cm 1 at 120 °C. In a single cell test, a maximum power density of 103 mW·cm 2 was observed at 50 °C under nonhumidified conditions, which is the highest value among reported FHFCs. However, the cell performance decreased at 80 °C. According to in situ a.c. impedance analyses and cross-sectional SEM observations of the MEAs, the deterioration was caused by penetration of the softened composite electrolyte into the gas diffusion electrodes, which decreased the three-phase boundary area in the CL and plugged gas channels in the GDL.
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